the irreversible adsorption of the particles at the interface 18 . Although a variety of particles such as silica 19 and titanium oxide 20 serve as stabilizers, the volume fraction of the dispersed phase of Pickering HIPEs is usually less than that of HIPEs stabilized by surfactants. To increase the volume fraction of the dispersed phase, the wettability of particles should be tailored through prior chemical treatment. In contrast to particle stabilizers, the use of surfactants generally can produce HIPEs in which the volume fraction of the dispersed phase is as high as 95 21 . However, large amounts of surfactants ranging from 5 to 50 and careful selection of surfactants are usually required to stabilize HIPEs effectively 22, 23 . The use of hazardous synthetic surfactants should be avoided as much as possible, considering the widespread application of HIPEs. Protein-hydrolyzed peptides such as soybean peptides or casein peptides are known as emulsifiers and are abundantly produced from natural resources. The effect of hyAbstract: The surface and interfacial properties of casein-hydrolyzed peptides were evaluated using measurement of surface and interfacial tensions, surface viscosity, dynamic light scattering (DLS), and freeze-fracture transmission electron microscopy (FF-TEM). In this study, high internal oil phase emulsion (HIPE) gels were successfully prepared, using the surface and interfacial properties of casein peptides. The casein peptides exhibited surface and interfacial activities. The estimated critical micelle concentration (CMC) and γ CMC values were 3.0 mg/mL and 47.8 mN/m, and the average size of casein peptide micelles was 13.2 ± 1.7 nm. The surface shear viscosity of an aqueous casein peptide solution at 10 mg/mL was 1603 µPa ms, which is fifteen times larger than that of sodium dodecyl sulfate (SDS, 106 µPa ms 26 .
In this study, the surface and interfacial properties of casein peptides were first investigated using measurements of surface or interfacial tension, surface or interfacial viscosity, and dynamic light scattering DLS . High internal phase emulsions HIPEs were prepared for the first time using casein peptides and their micelles. This technique could be useful for the practical application of HIPEs, especially in the food industry.
EXPERIMENTAL

Materials
Casein peptide Emulup ® , molecular weight 4600, lipid:
1.0 , protein: 89.0 , water: 4.0 , ash: 4.5 was kindly supplied from Morinaga Milk Industry Co, LTD. Tokyo, Japan , and used without further purification. Ultrapure water was used to prepare aqueous peptide solutions, and hydrogenated polyisobutene Parleam6 ® , NOF Corporation. was used to prepare high internal oil phase emulsions.
Surface and interfacial tension
The surface and interfacial tension measurements were performed by the pendant drop method at 25 using an apparatus consisting of an automatic interfacial tensiometer DM500, Kyowa Interface Science and the Drop Shape Analysis software of FAMAS ver. 2.01.
A water drop in air or polyisobutene was formed at the tip of the syringe by pressing the solution out by means of a setscrew. The drop shape analysis was performed by extracting a drop profile from the drop image. Then, a curve fitting program compared the experimental drop profile with a theoretical one the Young-Laplace method and gave the corresponding surface and interfacial tension values.
Surface and interfacial shear viscosity
The surface and interfacial shear viscosity measurements were performed by an oscillation torsion pendulum method with a surface viscoelastimeter, Model SVR-A Kyowa Interface Science Corp . A Teflon-coated disk was contacted with the liquid surface and interface, and attached to a torsion wire. Surface shear viscosity η s was calculated according to the following equation 27 .
where I is the moment of inertia of the disk, R 1 and R 2 are the radii of the disk and sample container, T is the period of oscillation, and the Δ λ is the difference in natural logarithmic decrement for the pure liquid and the liquid covered by the film.
Dynamic Light Scattering DLS
The size distributions of the micells of the peptides were measured with a DLS instrument DLS-7000, Otsuka Electronics Co. using an Ar laser with a wavelength of 488 nm as the light source at 75 mW at 25 . The time-dependent correlation function of the scattered light intensity was measured at a scattering angle of 90 . The DLS intensity data were processed using the instrumental software to obtain the hydrodynamic diameter, PDI, and mass-diffusion coefficient values of the samples. The mass-diffusion coefficient D was derived from the decay time τ c of the intensity autocorrelation function using
k L is the scattering wave vector. The hydrodynamic massdiffusion coefficient, D 0 , was obtained as the limit of D as k L tended to zero. In this study, the autocorrelation function was analyzed using the histogram method.
Freeze-Fracture Transmission Electron
Microscopy FF-TEM Freeze-fracture transmission electron microscopy FF-TEM was used to determine the structure of HIPEs. Some samples were frozen with liquid nitrogen at 189 . The fracture process was performed with a JFD-9010 JOEL, Japan at 130 and the fractured surface was then replicated by evaporating platinum at an angle of 60 , followed by carbon at an angle of 90 to strengthen the replica. The replicate was placed on a 400 mesh copper grid after being washed with water, methanol and chloroform. It was then examined and photographed using a JEM-1010 JOEL, Japan transmission electron microscope.
RESULTS AND DISCUSSION
Surface and interfacial properties of casein peptide
The surface tensions of aqueous casein peptide solutions were firstly measured by varying peptide concentration, since surface tension-lowering is the most fundamental property of amphiphilic molecules in water. Figure 1 shows the surface tensions of aqueous casein peptide solutions as a function of peptide concentration. The surface tension is gradually decreased by the adsorption of peptide at the air/ water interface, and become constant at a certain concentration upon reaching its adsorption equilibrium. The intersection point of the two fitted lines is defined as the critical micelle concentration CMC . The estimated critical micelle concentration CMC of peptide and γ CMC values are 3.0 mg/ mL and 47.8 mN/m respectively.
To confirm the formation of micelle-like associates, dynamic light scattering DLS measurements were then performed for the peptide solutions. Figure 2 shows the size distribution of the casein peptide micelles at a concentration of 3 mg/mL. From the figure, the peptide micelles are found to have relatively narrow size distribution, and their average diameters are 13.2 1.7 nm. Casein proteins without enzymatic hydrolysis are known to form casein micelles with an average diameter of 130 nm 25 , which is much larger than those of casein peptide. Water-soluble and less hydrophobic features of casein peptides can result in the formation of smaller micelles than those of casein proteins. Surface shear viscosity of adsorbed peptide layer was also determined by an oscillation torsion pendulum method since it is one of the important properties for the index of emulsion stability. The surface shear viscosity of SDS adsorbed layer at an aqueous solution of 10 mg/mL was 106 μPa ms, which is in accordance with previous studies 28 . Interestingly, the surface shear viscosity of casein peptide adsorbed layer at an aqueous solution of 10 mg/mL was found to be 1603 μPa ms. This is more than fifteen times larger than that of SDS. The larger surface shear viscosity of casein peptide layer could prevent emulsions from flocculation and coalescence due to the robust surface peptide layer.
The interfacial tensions between aqueous casein peptide solution and hydrogenated polyisobutene synthetic squalane were also determined by varying peptide concentration. The interfacial tension between pure water and hydrogenated polyisobutene measured was 45.4 mN/m, which well corresponded with that of water and squalane interface of 44.2 mN/m 29 . Figure 3 shows the interfacial tensions of aqueous solutions of casein peptides as a function of peptide concentration. The interfacial tension is decreased by the adsorption of peptide at the water/oil interface. The CMC was estimated in a manner similar to that of air/water surface. The CMC and γ CMC values were 4.2 mg/ mL and 17.4 mN/m, respectively. The slightly higher CMC at the oil/water interface than that at the air/water interface, is probably caused by the slight dissolution of peptides in oil. Figure 4 shows pseudo ternary 15 wt aqueous casein peptide solution/polyisobutene/glycerol phase diagram. Here we used glycerol as co-solvent to further reduce interfacial tension, and the interfacial tension decreased from 17.4 mN/m to 7.7 mN/m, when the 15 wt aqueous casein peptide solution/glycerol ratio was 2/8 on the right axis in the phase diagram. Oil in water emulsions were then prepared, by slowly adding polyisobutene into 15 wt aqueous casein peptide solution/glycerol mixture of Fig. 5 b . The addition of an excess amount of oil or glycerol makes the refractive index of oil and water phases closer, which forms transparent HIPEs. From the diagram, the use of glycerol is essential to form HIPE since glycerol can act to control both the interfacial tension and the refractive index between oil and water. Moreover, the obtained HIPEs were found to be stable for at least one month due to a high surface viscosity of casein peptide layers.
Based on the phase diagram, the transparent HIPEs containing the maximum 88.1 wt 91.5 vol of oil was successfully prepared by the addition of 0.36 wt of casein peptides. Since the preparation of HIPE generally requires large amount of surfactants ranging from 5 to 50 22, 23 , the use of a little amount of protein-hydrolyzed peptides without using toxic synthetic surfactants has a great advantage when considering the wide spread application of HIPEs.
The structure of casein peptide micelles or the peptide layer adsorbed on the oil droplet surface was then observed by FF-TEM, and the images are shown in Fig. 6 . Figure 6 a shows the image of casein peptide micelles at a 15 wt aqueous casein peptide solution/glycerol ratio of 2/8. Spherical nano-sized micelles of casein peptides whose sizes are similar to that obtained from DLS measurements were observed. Interestingly, the image of the oil droplet surface of HIPEs Fig. 6 b at 77 wt of oil into 15 wt aqueous casein peptide solution/glycerol mixture 8/2 indicates the presence of peptide adsorbed layer accumulating casein peptide micelles. The observed soft nanoparticles could contribute to the stabilization of HIPEs at considerably low concentration. The higher viscosity of the peptide layer and the use of glycerol seem to be critical for HIPE formation.
In the present study, it is also found that the prepared HIPEs spontaneously turned into oil in water emulsion without using strong agitation when HIPEs were dispersed in excess amount of water. Our developed energy saving hydrolyzed peptide emulsification technique will greatly contribute to the food industry where strong mechanical agitation is commonly required and applied for emulsifica- 
CONCLUSION
The casein peptides indicate surface and interfacial activities. The estimated CMC and γ CMC values were 3.0 mg/ mL and 47.8 mN/m, and the average size of casein peptide micelles was 13.2 1.7 nm. The surface shear viscosity of aqueous casein peptide solution at 10 mg/mL is 1603 μPa ms, which is fifteen times larger than that of SDS 106 μPa ms . The larger surface viscosity of casein peptide adsorbed layer could lead to stabilize emulsions and prevent them from flocculation and coalescence.
High internal oil phase gel emulsions are successfully prepared by slowly adding oil, polyisobutene, into aqueous casein peptide solution/glycerol mixture with different compositions. Based on pseudo ternary 15 wt aqueous casein peptide solution/polyisobutene/glycerol phase diagram, the HIPE containing the maximum 88.1 wt 91.5 vol of oil is obtained by the addition of 0.36 wt of casein peptides. The use of only a small amount of protein-hydrolyzed peptides for HIPE preparation hydrolyzed peptide emulsification technique has significant advantages for the wide spread application of HIPE technology. 
